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N\o\f \b o ABSTRACT

A beam of diatomic nitroger ions, transmitted
through a thin carbon foil, produced optical specta of
singly and doubly fonized nitrogen atons as a result of
collisions in the foil. Phctographs of the resolved
spectrum of this ionized nitrogen beem were examined.
Since the beam particles were momoenergetic, an analysis
of the decay in intensity of the individnal spectral
lines yielded the mean lifetimes of the emitting energy
levels. The measurement cf this veriation in intensity
along a spectral line was accomplished by microphotoe

( metric techniques. It was Zound ¢hat some of the excited
— states of singly and doubly ionized nitrogen have mean

(e,

lifetimes of the order of 10°8 seconds.
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l. INTRODUCTION

The experimental datermination of atomic parameters
has for the most part been accarplished by a spectral anal-
y8is of thermal light sources. These sources include
flames, arcs, sparks, ovens, hot-cathode diodes, and shock
tube apparatus. Two major types of thermal light sources
have emerged. These are the well-stabilized arc and the shock
tube, both of which have distinct advantages. The well-
stabilized arc permits precise and detailed intensity measure-
ments, vhile shock tubes permit the variation of the tempers~
ture and pressure so as to obtain optimm conditions for the
neasurement of a givea spectral parameier.

One of the atomic parameters which may be measured
in the lsboratory is the absorption oscillator strength of
a particular etomic transition. Once the light from the
element in question has been spectrally analysed, the rela-
tive oscillator strength of a trensition may be calculated
from the relstive intensity ratios of the spectral lines,
vhich ocorrespond to individual transitions. The relstion.
ship used to calaulute these line oscillator strengths when
e plasma is the light source is derived by Griem (196%) with




the assumption of lotal thermodycemic equilibrium. “his
relationship between the line intensities and oscillator
strengths, which is valid for *rensitions in different

ionization stages, is

Fr i@ o e P o[ ———]

where I represents the measured intensity of the spectral
line, ’e is the elzctron dencity in the plasea source, ag
is the Bohr radius, AE = 1s “the reduction of the ionization
energy E of the lover icniuniica stute which is due to

the Coulomb interaction in the plasua, EK is the ionization
energy of hydrogein. g 13 the statisiical weight of the
lower level of the ' ansition, £ I3 the absorpiion oscilla-
tor strength, A :s the wavelengty, T 1s the ahsolute
temperature, ani the otl:er syrbols are universnl. constants.
In equation 1, the primed quantities efer %: the transition
in the hicher fonization stage. [aless t.e absolute oscilla-
tor strength and intensity of a well-knovm standard transition
are known, equation 1l ensbles only the evalustion of relative

absorption oscillator strengths.



The determination of absorption oscillator strengths
by equation 1 presents several cifficulties inheren* in the
light sources thamselves. For examjle, in order to obtain
accurate results, it is essential to know the tempersture
and the electron density of the plasma source precisely. In
addition, particular types of scurces introdvce further
complications. However, the main disalvantage of thermal
light sources is their inherent irability to produce highly
ionized atoms, Thue the cxperimeantal determination of
oscillator strengths through the use of thermal light sources
is limited primarily to tramsiticas in neuSrel and singly
ionized atoms.

In general, for a sponteneous transition from an
upper energy level u to a lower cnergy level 1, the
change in populatiom of Jevel u per unit time is given by

& - L AN (2)
2

vhere Au is the Binstein ccefficient for the transition
between state u anc state 1 and N 1is the Lustantunecus
population of state u. Thus the transition probsbility per
unit time from state u “recomes

A= Ay (3)
) 3




where the summation is over all possible lower states. The
mean lifetime of state u is defined os
1
'fu » r (h)
"l
The A, msy be evalusted from equationt 3 and b 1
the relative initial intensities of all possible transitions

from stete u are kncwn., The relationship between the in-

tensity of a transition and the A

ulis

T ™ Agbhv, N (5)
vhere Iu.c is the intensity of the transition from state u

to state 1, is the frequency of the emitted photons, h

Vug
is Planck's constant, zud Nu is the population of state u.
Once the Au for a perticular transition has been determined,

the sbsorption oscil.ator strength is given by

22‘00)2 Eu
7 8, flu (6)

vhere g 1is the statistical weight of the level, fh is the
sbsorption oscillator strength, w is the angular frequency
of the emitted photons, r, is the classical electron radius,
and ¢ is the speed of light in a vacuum,



Thus the determination of absorption oscillator
strengths by means of equation 6 is seen to be dependent on
knowing the mean lifetime of an exclited state and the rels~
tive intensities of all possible transitions from that excited
state. Bashkin (1961) proposed the use of ion beam techniques
to produce emission spectra. 2se techniques eppeared
(Bashkin, 1963) to allzviste many of the problems confronting
atomic spectroscopists in the experimental determination of
atomic parameters. The ion beam technique permits a direct
evaluation of the mean lifetime of an excited atomic state
and the relative intemsities <;f‘ all possible transitions
from the excited state.

The ion beam technique consists of passing a bean
of fast ions, gemerated by a Van de Graaff accelerator,
through a thin foil. In the foil, the beam particles are
further ionized and excited. The light from the decay of the
foil-excited ions to lower electronic states is snalyzed by
means of a spectrograph, the entrance slit of the spectrograph
having been aligned parallel to the axis of the beam. S8ince
the bemm is composed of one atomic species and is monoenergetic,
the velocity of the beam particles is constant and the dis-
tance along an individual spectral line may be converted
into a time scale. When the decay in intensity with distance




of a spectral line has been determined, the mean lifetime of
the upper state of the transition represented by the spectral
line may then be evaluated.

In 1964, Bashkin et al. obtained mean life data
using the ion beam technique. Light from besms of D, He,
C, N and O was analyzed by means of a grating spectro-
graph. It is the purpose of this thesis to discuss the
evaluation of mean lifetimes for some excited electronic
states of nitrogen in the visible region from the data
obtained in the above experiment.



Figure 1.

Spectral lines from a fast nitrogen beam.




2. EXPERIMENTAL PROCEDURE

In the experiment performed by Bashkin et al. (1964),
the ion beam technique was used as a light source. The
incident beam, consisting of positively charged diatomic
nitrogen ions, had an energy of 1.2 Mev before passing
through a carbon foil. The Van de Graaff accelerator used
to generate the nitrogen beams was furnished by the U, 8,
Naval Research Laboratory, Washington, D. C. The nitrogen
beams were passed through carbon foils which were approxi-
mately 10 ug/on’ thick.

The light from the foil-excited nitrogen beam m
analyzed with an £/0.8 grating spectrograph of the Naval
Research Laboratory. The slit and grating rulings of the
spectrograph were parallel to the axis of the nitrogen
beam. The spectrograph had a dispersion of approximately
140 R per mn and the magnification of the optical system
st the photographic plate was 0.0369. Kodak 103a-f spectro-
scopic amlsions were used to record the transitions between
3500 A and 6800 X, Figure 1 shows a typical photographic
plate obtained in the experiment. In figure 1 the beam
current is 0.35 pamp., the plate exposure time is 18.9
minutes, and the incident bean energy is 1.2 Mev.



Since photographic emlsicne were used to record the de
decay in intensity of individusl spectral lines as a function
of time, several factors must be considered in order to
determine accurate reiative intensity ratios, which are used
to calculate mean lifetimes. First, it is necessary to
relate the plate blackening to the intensity of the 1light
producing the blackening; second, the plate density responds
nonlinearly to different iutensities ard the sensitivity of
the plate varies nonlinearly with wavelength; third, the
characteristics of the unexposed plate change with age and
storage conditions and the characteristics of the exposed
plate depend on the length of time between exposure and
development; and finally, the density of the developed image
is related to the type of developer used, development time,
temperature of the developer, concentration of developer, and
the type of agitation used in the development process (Mees,

195h).

Another consideration involves the characteristic
curve, wvhich contains the results of the photographic cali-
bration procedure. The characteristic curve is a plot of
per cent transmission of the photographic phte VS, exposure.
Exposure 38 defined as the time integral of the intensity of
the light illuminating the photographic plate., In general
there are two types of characteristic curves, time scale and



intensity scale. Time scale implies that the exposure was
varied by changing the exposure time while maintaining the
intensity of the illuminating source at a constant value,
Intensity scale implies that the exposure is varied by main-
taining the exposure time at a constant value while changing
the intensity of the illuminating light. However, if the
photographic calibration procedure is constant and the range
of densities is the same, the time scale characteristic
curve is not the same as the intensity scale characteristic
curve. This is a consequence of the reciprocity law failure.
Thus if the intensity data are recorded in a situation where
the exposure time is held constant, the calibration of the
photographic plate must be made by use of an intensity scale
characteristic curve.

In order to obtain accurate intensity measurements,
the density ranges of the calibration plates have to corre-
spond to the density of the spectral lines to be analyzed.
Thus the characteristic curve should be well defined in the
region vhere the densities of the spectral 'nnes occur,
These problems are solved by using a calibration scurce of
approximately the same intensity as the source of emission
lines und passing the light from the sources, emission and
calibraztion, through the same optical system.




The development problems can be resolved by rigidly
controlling the temperature and concentratioen of the developer,
the development time, and the agitation procedure. For
example, mechanical agitation is not adequate to miuimize the
Eberhard effect. For canplete develonment, the photographic
plate should be brushed several times per second with a

camel's hair brush during development.

To correct for the reciprocity law fallure and the
frequency dependence of the photographic film response, it
is necessary to plot & characteristic curve for each spectral
line to be anclyzed. The data for these curves were obtained
by exposing different photographic plates (Kodak 103e~f) to
a National Burean of Standards calibrated light bulb of
temperature 2854°K. The exposure times ranged from 2 seconds
to 64 seconds while the intensity of the illuminating light
buld was maintained at a constant value., Figure 2 shows a
typical curve obtained from these data.

Thus it is seen that in evaluating intensities of
spectral lines through the use of photographic techniques,
the photogrephic calibration procedure is a critical factor.
In the experiment.from vhich the data used in this thesis
wwre obtained, the actual development techniques were
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standardized, Hcwever, systematic error was introduced into
the mean 1ife calculations through improper corrections for
the reciprocity law failure,

There were two main contiributing factors to this
gystematic error. Pirst, since the infiensity data were taken
et constant exposure times, intensity scele characteristic
curves should have bean used in the calibration procedure
instead of time scale characteristic curves. Second, the
calibration light source was not approximately of the same
intensity as the bean. This, due to the reciprocity law
failure, evaluations of asbsolute and relative line intensi-

ties were somewhat in error.



3. MEAN LIFETIME DETERMINATION

The analysis of the photographic plates containing
the amission spectra of the excited nitrogen beam was
directed towards obtaining the decay in intensity as a funce
tion of the distance along each line, 8ince the decrease
in density of developed film along a spectral line is a
moasure of the decay in intensity along the line, the Steward
Observatory Hilger-Waiits recording microphotuneter wes used
in the analysis of the photographic plates to determine this
decay in iitensity along each individual swectral line.

At the plate, the microphotometer analyzing beem had
a rectangular cross-sectional ares wvhose dimensions could be
changed by means of an adjustable slit. The photographic
plate was oriented with respect to the analyzing beam so that
the slit vidth vas perpendicular to the line to de examined
(figure 3). The decrease in density of the developad photo-
graphic plate along the line was obtained by traversing the
spectral 1ine in a direction parallel to the line. ZThe slit
length was adjusted to the widest portion of the spectral
line vhile the slit width was set at a constant 0.03 p st
the plate during the scanning procedure. B8ince the microe

L}
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+ spectral line

«~ traverse direction

l of analyzing beanm
- a - ~ cross-section
- - of analyzing
T beam
[} |
i.- - ‘b ) -ol

Figure 3. Position of cross sectional arez of photometer
beam with respect to spectral liue.

Dimension & is controlled by the slit width adjustment
vhile dimension b is conirolled by the slit length adjustment.

photometer actually reocords per cent tramsmission, a decrease
in per cent {ransmission was cbtained as a function of dis-
tance along the spectral line., The microphotometer was
initially set to record 100% treansmission on the unexposed
sections of the photographic plate. The lines selected for
measurement from a photographic plate had at least a 50%
transmission at the base of the line. This criterion ensbled
the determination of mean lifetimes with a minimum of inter-
ference from noise effects on the plate.
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Using the characteristic curve for a particular spec-
tral line and the microphotometer tracing of that line, which
gives the transmisasion of the developed plate as a function
of the distance, it was possible to determine the actual
intensity decay as a function of distance along the line,
Pigure It shows the intensity decay along the line as a function
of time plotted in a semi-log form using the calibration data
contained in the characteristic curve of Figure 2. Similar
intensity decsy curves for the remaining spectral lines that
were am)yzed sppear in appendix A,

In thg experiment, each diatomic nitrogen ion possessed
an energy of 1.2 Mev before passing through the 10 pg/ca® carbon
foll. Since the stopping power of nitrogen ioms in carbon is
approximately 0.1 "”;e , the nitrogen ions lost about

1 Kev while traversing the carbon foil (Northcliffe, 1963).
By using the equation

v - (7)

and taking into account the energy loss in the foil, the
velocity of the nitrogen jons after passing through the
caxbon foil wvas found to be 2.87 x 10° cm/sec. Using this
value for the velocity of the nitrogen ions, it is then
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however, that the re:iprucal of the mean life was used for
A, in equation 6. Thur, through consideration of equations
3, 4, and 6, it is scen that £, tioresents su upper limit
on the actual value ¢f #iie abrorptios osclilator strength
for a particule tra:siu o,

An iron comperison 3pezirur was used to determine
the wavelengtbs of tIr2 nitrozua 122e3. Ia Figure 1, the
iron lines are present af: the vase o the nitrogsn lines,
Due to the rather lov. di:persion of the spectrograph it was
only possible to ide:i:.tify the aitrogax lines to within 2
angstroms. The prescace of cascads effects (see chapter 4)
in the transition schemac ensbled the further identification
of the nitrogen line:. The results of this identification
procedure are presented ‘n tebles 1 and 2.
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Table 3. Some absorption oscillator strengths for N II and
¥ III transitions,

A(}) g:xﬁe £, £,
5679.6 11 0.312 0.357
5535.4 I 0.467 0.33%
5175.9 11 1.98 0.hl6
5005.1 11 0.31% 0.557
1867.2 I 0.340 0.279
W63h.2 III 0.985 0.4e8
§535.1 IIx 0.2% 0,304

W514.9 I 0.328 0.286




4, CGNCLUSION

Tables 1 and 2 1list the results of the mean life
analysis, Since the photographic calibration procedure is
8o critical in the determinaticn of intensities from photo~
graphic emalsions, no attcrpt was made to assess an experi-
mental. error bound to the mean lifetimec listed in tables
1 and 2, The measured value of the mean life was used in
equation 6 to calculaie the upper limit, £, of the
oscillator strengths for the transitions that were investi-
gated. A theoretical) value, ft s of these absorption
oscillator strengtls is included in table 3 for comparison
with the experimental calculations. Griem states that these
theoretical values may vary as mach &8 205 from the true

absorption oscillator strengths,

In 1965, Kay studied the identification of nitrogen
lines obtained through the use of ion beam techniques.
Although the experiment was not designed to evaluate mean
1ifetines of excited ststes, three ifetimes were cbtained.
These lifetimes, Ty » &re listed in tadble 3 along with the
corresponding lifetimes, T , evaluated in this thesis. It

a3
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is seen that the results quoted by Kay agree to within a
factor of 30% to the results obtained in this thesis.

Another effect which introduces complications into
the mean life analysis is a cascade effect. Due to the
selection rules governing the transitions, the more ener-
gotic excited states do not always decay directly to the

Teble 3. Meen 1lifetimes of some excited states of nitrogen
as obtained by Kay (1965).

A(R) Charge t,(x 207%8ec) (% 10sec)
State
5535(63) i 9 12,7

%380(17) III 4.5
L5ak(3) 111 7 1.4

ground state. As the excited states with higher energy decay
intc lower states, transition chains are established to the
ground state. If the transition is one which has no parent
level, i. 0., & more energetic level that decays into the
upper level of the transition in question, then the analysis
is as descrided previously. However, in the presence of

» tramsition chain, the procedure is more involved. Im
principle, the mean lives of the particular transitions
present in the transition chain may de determined by solving
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the appropriate system of differential equations. The
initial populations of the levels are an essential part .
of such an analysis ond may be found through the use of
equation 5.

The ten transitions listied in tables L and 2
yielded decay curves which were stiraight linss vhen plotted
on semi-log peper. The fact that the decay curve was a
straight line implies that one of three conditions was
satisfied by the transition. First, the upper level of
the observed transitiorn nad no parent transition; secomnd,
the mean life of the upper level of the paremt transition
was mach smaller than the mewr. 1ife of the upper level of
the daughter transition; or third, the mean life of the
upper level of <the pereat transition was much  greater
than the mean life of the upper level of the dsughter transi-
tion., If the mean lives of the parent-dsughter cambination
are of the same order or the mumber of parent transitions is
more mumerous than one, the situation becomes more coxplex.
Many of the spectral lines that were analyzed ylelded
unfaniliar curves when plotted on sani-log peper. The lstter
results were attributad o the more complicated | trensition
effects discussed above.



Griem (1964) reports thoe most of the experimental
values of the oscillator atrengtlis, end therefore the mean
lifetimes, as previcusly determined, may well be in «rror
by & rastor of 2 or 3. This error is mainly due to the use
of plasma light sources. It is also estimated that
eventually, as experimeniiation becames more precise, a
system of oscillator strengths will covolve with en accuracy
spproaching 108, Altiroxy) there isn’t eny previous experi-
mental data on mnltiply ionized atars, the results obtainad
in this thesis are scen %o be in agreerient with Kay’s work
and in rough agreemest with treo theoreticel values, without
proper photographic calibration procadure. HeMurray (1961)
reports that if cacetul » sresring procedures are
rigorously sitandardizcd and followed for all photographic
plates, resu'ts reproduciole to 2% =ve obtaiuable, Thus it
is geen thet the iom beem technigue coupled with the methnd
of analysis discussed in this thesis could be a ver,s viluable

tool in the experimentel determunuation of absorption osecillator

strengths.
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